After a screening of possible systems prone to give an enthalpy of decomposition close to 30 kJ·mol -1 H2 , i.e. suitable for a dehydrogenation process close to room temperature and pressure, the Zn dissolution into Mg(BH 4 ) 2 has been investigated. The total energy of pure compounds and solid solutions has been computed by DFT calculations using the CRYSTAL09 code. The phase mixture obtained after the synthesis strongly depends on the milling conditions. For prolonged times, the formation of Zn and MgCl 2 has been observed, suggesting the delivering of B-containing species during the milling. After heating, a hydrogen release, coupled with diborane delivering, has been observed for temperatures close to 100 °C, suggesting a significant decrease of the decomposition temperature with respect to pure Mg(BH 4 ) 2 . Theoretical and experimental results have been discussed on the basis of the possibile reaction paths, as estimated from available thermodynamic databases.
Introduction.
In comparison to other metal borohydrides, Mg(BH 4 ) 2 holds low decomposition temperature and high hydrogen gravimetric capacity (close to 15 %). However, it decomposes at 300 °C, a temperature that is still high for coupling with a proton-exchange membrane fuel cell (PEM-FC).
Different approaches have been used to de-stabilize pure complex hydrides: anion substitution, cation substitution with mixed metal borohydrides formation, nanoconfinement and reactive hydride composites [1] [2] [3] . Since the first report [4] , anion substitution has been suggested as a promising method to favor the thermodynamics of hydrogen sorption in complex hydrides [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] .
For cation substitution in Mg(BH 4 ) 2 , it is necessary to add a less stable pure borohydride, averaging the H-B bond strength, which depends on the M-H bond strength. For instance, a Mn-to-Mg substitution in α-Mg(BH 4 ) 2 up to 10 mol% at room temperature was recently reported [15] . Cation substitution has been confirmed by an evident decrease of the decomposition temperature of the synthesized compounds [15, 16] . In LiBH 4 , both the cationic and ionic part have been substituted simultaneously, resulting in systems with particularly reduced decomposition temperature and enhanced kinetics [17] .
A first screening on the possible candidates for the cation substitution in Mg-borohydride was done performing an empirical analysis of the theoretical results obtained in ref. [18] on the mixed borohydrides with alkali metals. Because the enthalpy of decomposition of a dual-metal borohydride can be estimated by simply averaging the enthalpy of decomposition of the corresponding pure borohydrides, it appeared that Zn could be a possible candidate to be mixed [19] . On the other hand, the thermal decomposition reported for the pure compound in ref. [20] , was actually obtained in presence of a significant contamination of NaCl, likely leading to the formation of mixed cation borohydrides. In all cases, an irreversible thermal decomposition, leading to Zn with delivering of B 2 H 6 has been observed.
Aiming to select a possible system prone to give an enthalpy of decomposition close to 30 
Theoretical and experimental methods
A theoretical investigation was carried out with density functional theory (DFT) calculations employing the PBE [21] exchange-correlation functional and the PBE-D* method, i.e. PBE augmented with the Grimme's DFT-D2 [22, 23] empirical dispersion correction as modified for solids [24] . This contribution is based on an atom-atom pairwise -C6,ij/Rij6 (London-type correction) as implemented in the ab-inito periodic program CRYSTAL09 [25] . Crystalline orbitals are represented as linear combinations of Bloch functions (BF) and are evaluated over a regular three-dimensions mesh of points in reciprocal space. Each BF is built from local atomic orbitals (AO), which are contractions (linear combinations with constant coefficients) of Gaussian-typefunctions (GTF) which, in turn, are the product of a Gaussian times a real solid spherical harmonic function. An all electron basis set has been used for all the atoms. Crystalline structures were fully optimized and then harmonic vibrational frequencies were computed. The latter, referred to Γ point, were used to estimate relevant thermodynamic quantities such as zero-point energy correction, thermal correction to enthalpy and entropy. For the mixed systems, considered the high computational cost, harmonic vibrational frequencies were not calculated. The zero-point energy correction and thermal correction to enthalpy were then obtained by interpolating those of the pure components.
Thermodynamic modeling according to the CALPHAD method has been carried out using the Thermo-Calc software. Even if pure Zn(BH 4 ) 2 has not been isolated experimentally, the Gibbs free energy of the compund (with P6 1 22 structure) was assessed on the basis of ab-initio calculations.
The thermodynamic function for Mg(BH 4 ) 2 was taken from ref. [26] and the Substance database [27] was used for all the other phases.
Mixtures of α-Mg(BH 4 ) 2 and ZnCl 2 (99% purity, Sigma Aldrich) with 1.0:0.7 ratio were ball-milled either at room temperature or at liquid nitrogen temperature (cryomilling). Room-temperature ball milling was carried out in a Fritsch Pulverisette 6 Monomill at 400 rpm under 1 bar Ar initial pressure and using stainless steel balls and vials (ball-to-powder ratio 100:1). Pressure and temperature were monitored during milling and recorded with a Fritsch GTM/II system.
Cryomilling was performed in a SPEX 6770 Freezer/Mill using a specially designed stainless steel vial, in order to minimize oxygen and nitrogen contaminations. The mass ratio between the stainless steel cylindrical impactor and the powder mixture was 15:1 and the impact frequency during milling was set at 30 Hz. All sample handling and preparation were carried out under inert Ar atmosphere in an MBraun Unilab glove box fitted with a recirculation system and gas/humidity sensors.
Oxygen and water levels were kept below 1 ppm at all times.
Powder X-Ray Diffraction (XRD) measurements have been performed in the 2 range 2° -90° using a laboratory diffractometer (Panalytical X'Pert Pro Multipurpose Diffractometer), equipped with Ni filtered Cu source in Debye-Scherrer geometry. Samples were sealed into boron silica glass capillaries of internal diameter 0.8 mm in nitrogen atmosphere, which give a broad peak in the pattern centered around 2θ=22°. Patterns were taken spinning capillaries at a scanning step of 0.016° and with a scan speed of 0.010°/s. Rietveld refinement of XRD patterns has been carried out with MAUD software [28] .
The Infrared spectra (2 cm -1 resolution, average on 1024 scans) were collected in Attenuated Total
Reflection (ATR) mode on loose powder with a Bruker Alpha-P spectrometer equipped with a germanium detector. All the spectra were recorded in a protected atmosphere (MBraun Lab Star
Glove Box supplied with pure 5.5 grade Nitrogen, <0.01 ppm O 2 , <0.01 ppm H 2 O).
Thermo Gravimetric Analysis (TGA) experiments were performed with a Netzsch STA 449 F3
Jupiter instrument. Samples were measured in Al crucibles with pierced lids of the same material.
The samples were heated between 30 °C and 600 °C, with a heating rate of 2 °C min -1 under argon gas (50 ml/min). The measurements were baseline corrected by the Proteus software package.
Temperature-Programmed Desorption (TPD) were measured in an in-house developed setup under vacuum (10 -5 mbar) and between RT and 600 °C with a constant heating rate of 2 °C min -1 .
Simultaneous Residual Gas Analysis (RGA) was measured with a MULTIVISON IP detector system coupled to a PROCESS Eye analysis package from MKS Instruments.
Hydrogen sorption treatments were obtained in the 0 -100 bar pressure range using a volumetric instrument (PCI instrument by Advanced Materials Corporation, Pittsburgh PA). Ultra-pure 6.0 grade H 2 was used and the powders (about 500 mg) were transferred under nitrogen atmosphere in the measurement cell.
Results and discussion
Some inconsistencies can be found in the literature between the experimental [29] and theoretical [30] The results of TGA measurements on as-milled samples are reported in figure 4 , where the signal obtained from pure α-Mg(BH 4 ) 2 is also reported as a reference (curve a). For sample S1 (curve b), a continuous mass loss is observed after heating, reaching a maximum value of about 4% at 450 °C.
This result confirms the presence of hydrogenated species in the sample, which desorb a gas phase during heating. Samples S2 and S3 show a much higher mass loss, which begins well below 100 °C and continues up to the maximum heating temperature. The total mass loss turned out equal to about 12% and 10% for samples S2 (curve c) and S3 (curve d), respectively. These numbers are rather high, taking into account the presence of non-hydrogenated phases (Zn, MgCl 2 and ZnCl 2 ), suggesting the delivering of B-containing gas species upon heating.
In order to identify the composition of the gas phase desorbed by the samples during heating, TPD-RGA measurements were performed and the results are reported in figure 5 . Only data for mass 2 (H 2 ) and 26 (B 2 H 6 ) are reported, because of the negligible intensity observed for other masses. The result obtained for pure α-Mg(BH 4 ) 2 (figure 5a) confirms the delivering of a significant amount of H 2 , starting at about 250 °C and with a desorption peak around 300 °C, whereas basically no B 2 H 6 desorption is observed. On the contrary, ball milled samples show a hydrogen release for temperatures lower than 100 °C, suggesting a significant decrease of the decomposition temperature with respect to pure Mg(BH 4 ) 2 . Sample S1 (figure 5b) shows a H 2 release distributed in a wide temperature range, from 100 °C up to 450 °C, coupled with a small release of B 2 H 6 at low temperatures. B 2 H 6 delivering is much stronger for S2 sample (figure 5c) and it seems to be coupled with H 2 release up to about 250 °C, whereas at higher temperatures only H 2 is observed in the gas phase. Finally, for S3 sample (figure 5d) a clear three-step desorption process is observed, with a significant B 
Conclusions
On the basis of DFT calculations, an ideal mixing behaviour was predicted for Mg (1-x) Experimental results showed that a Mg 
